Greenhouses are complex systems with many variants and many different user require ments. Modern technologies are cost effective and very powerful to meeting diverse user control and management requirements.
INTRODUCTION
Agricultural systems, including the well-structured and studied greenhouse operations, exhibit large variability and can only be represented by complex models. Large dimensions usually create problems in climate uniformity and we rely on, good and sufficient design, and effective distribution, of sensors and actuators for achieving the desired performance. Even the most common problem of sensor location can lead to large deviations in operational characteristics.
Unstructured uncertainties of models need a robust adaptive scheme, such as identification and switching among locally linearized models. An improvement of the method of switching piecewise linearized models of nonlinear systems has appeared recently in the control litera ture. This method uses fuzzy rules to combine clustered linear models (Takagi-Sugeno models) of the system to make possible the analysis of stability robustness of nonlinear systems .
Control systems for wide-range operations are usually designed by combining feedforward (FF) and feedback (FB) control loops to provide good performance and disturbance compen sation. With a good adaptive FF control the system is inherently stable and is instantly brought close to the desired operating trajectory, and only a smaller range of actions is left for the FB control ( Fig. 1 ). In such structures (FF/FB), the FF control must provide good nominal performance, and a nonlinear programming technique is used to optimize the dynamic performance of the system, based on a selected performance index. The FB control must be designed to offer robust performance and stability and may be implemented using separate classical SISO controllers (lead-lag or PIDs). The modern H°° technique for multiinput, multi-output (MIMO) systems has been used by other authors (Weng and Ray, 1997; Arvanitis et al., 2000) .
Researchers report an overwhelming satisfaction in implementing pioneer expert systems for the energy and general management of greenhouses or other agricultural processes. Nevertheless, the number of actual implementations of such systems in real practice remains small compared to the number of systems successfully demonstrated in prototype form. This discrepancy suggests that there are concerns about the cost and difficulty of incorporating expert systems into an Integrated Greenhouse Management System (GMS).
Part of this effort was to determine why integrating an expert system or other artificial intelligence (AI) applications in a GMS is more complex than adding a conventional applica tion. Based on such an analysis the interfaces needed to achieve an effective integration were defined. This groundwork led to the development of a software environment, designated as MACQU (MAnagement and Control for Quality), which hosts a native expert shell, open for developing applications and supporting the necessary interfaces to the GMS. The developed environment can support genuine management functions, and interfaces seamlessly with a fuzzy logic development mechanism, which can support, intelligent alarm processing, fault detection and diagnosis, and high-level management decisions.
Protected cultivation is leading to a broader interface between engineering, physiology and biology. The effects of environmental factors on production quality and productivity are fundamental elements to be considered in determining the climate management strategy. The objectives of the MACQU system was to : 1. Reduce the amount of water and nutrient chemicals and enhance transpiration (Jolliet and Bailey, 1995; Gieling, 1997) . 2. Improve the quality and optimize energy consumption (Stanghellini, 1987; Garcia et al., 1996) . 3. Develop a modern hardware and software system to integrate the gained knowledge into the management and control of crop production (Sigrimis and Rerras, 1996) . The greenhouse (GH) production process must be viewed and managed at different time scales. Within MACQU the overall process is organized as depicted in Fig. 2 . This scheme provides a platform for an open system to implement all modern control techniques and plant Environ.
Control in Biol. management strategies. At the inner loop of Fig. 2 , GH physics, disturbance loads, coupled targeted variables, plants' macro-environment as well as equipment variants, with their mode of operation and control methods (ON/OFF, PDM, disturbance compensated PID, FF/FB control, etc.) are met by using virtual variables and control loops (see Fig. 3 ).
At the medium term of sensing and reacting loop (Fig. 2) 
MACQU TOOLS AND METHODS
The greenhouse is a complex system and needs a number of control tools , at different levels, in order to provide a complete solution, without compromises . This section briefly describes the various control tools and methods offered by MACQU, as well as its capabilities as a virtual control environment.
At the heart of most computer programs lies a model of the problem domain . This model defines the entities that the program is designed to handle and describes their opera tional characteristics and state. For nontrivial systems , such as a modern greenhouse system, good practice is to separate functionally the system model from the management application. The development of such a model was started within the MACQU program as a parallel effort to the research and development effort.
The main innovative features implemented to provide a flexible system , like MACQU, are (for details, see Sigrimis et al., 2000b) A pictorial view of how the above system functions and control objects are bound together to operate on a greenhouse process is given in Fig . 3 . A rather typical virtual control loop is depicted in Fig. 4 .
The central, PC Windows 95 based, MACQU software is intended to : a) provide menus to setup the GMS, b) feedback the user with real time graphics and c) manage the overall operation by few rules. The later is a fuzzy logic KBS subsystem , which can be used also to do control (i.e. a fuzzy PID). The fuzzy logic is primarily intended to provide management decisions. The modes of action of the KBS are (see is established in the KBS through rules. c. Override the action of a low level loop through automatic enable/disable logical switches (i.e. start a sequence). Controller switching or reference switching is also possible based on a decision made by the KBS. d. Set or adjust the constraints of a model based control loop. These are synergetic mechanisms where AT decision tools cooperate with conventional regulators (an example discussed in Sigrimis et al., 2000b measurements and visual monitoring of the system at any time. Furthermore, they have access to the demo version which is the whole Server-based software, together with a controller emulator and a greenhouse model linked to it for setting up and trying different control laws, control loop configurations and whole scenarios. Further support is available for a camera connected to a MACQU controller to send images of greenhouse interior to the remote PC through Internet. During a remote access of the VG the control logic runs in the controller but all system variables are available in the remote station for monitoring, using a rich set of presentation graphics. Thus the whole operation is transparent to the user, the controls run in real time locally in the VG and the results are available remotely, at the connection speed, without affecting the real mode operation. The channel throughput is divided by the user between monitoring data and camera frames.
Camera use is for : a) Visual Monitoring the experiment or the greenhouse. b) Managerial reasons (i.e. Inspection and Diagnosis of machinery, a Camera Sensor with good zoom to detect diseases, to measure growth and to become an advanced sensor in the future, electronic commerce between the grower and the consumer, advertising the product in the GH, etc.).
APPLICATION EXAMPLES
1. Low level control (Greenhouse heating control using the Load Divider concept) A set of tests is first presented to highlight the capabilities of MACQU in implementing low-level control tasks. For analogous results regarding other control problems and alterna tive design techniques, see Sigrimis et al. (2000b) , Pasgianos et al. (2001) . These experiments used the MACQU-Climate system to control the temperature of the Rose Greenhouse of the Agricultural University of Athens (AUA). In the experiments, a Load Divider is used in cooperation with a supervisory tool to minimize the heat losses and achieve better temperature distribution around the plants.
The AUA Rose Greenhouse Heating System is depicted in Fig. 7 . As it can be seen from this figure, there are two sets of heating pipes. The first set (P1) is located at the lower part of the greenhouse and near the roots of the plants, while the second (P2) is located approximately 2 m higher.
Each separate heating system includes an integrating triode valve, a circulator and a temperature sensor, in order to measure and control the two pipe temperatures, T 1 and TP2, respectively. Three additional temperature sensors are placed near a plant : one at the lower part, near the roots (T1), one at the middle (T2) and one over the top (T3) of the plant. The temperature of the greenhouse is controlled with reference to the temperature Tin= T2.
The control objective here is to regulate the temperature Tn while minimizing heat losses In control systems for which, more than one actuator contribute to each control input, it is very useful to incorporate (when possible) a mechanism that divides the input needs (Load) to each actuators. Examples of such cases are : a. systems incorporating two or more different types of input actuators (e .g. hybrid cars, where power is supplied by both electric and fuel engines , heating and air-conditioning systems, power systems, etc.), b. systems exhibiting large variations in load needs as well as increased accuracy and robustness in manipulating both trivial and substantial loads (e .g. fertigation systems with numerous irrigation lines), c. systems in which each actuator contributes to the load at a different manner (e .g. the present heating control case). The concept of the Load Divider provided by the MACQU system and used in the experiments described below, is depicted (Fig. 8) .
This Load Divider incorporates two threshold points Al and A2 . Values of the load L being lower than Al are ignored (hysteresis). Usually, in order to guarantee linearity A1=O . When L is lower than A2, only the first actuator is active. The second actuator becomes active for values of L greater than A2. The values of the two split loads are given by Figure 9 shows the control configuration used in our experiment, in order to control the greenhouse temperature. The system control input is the heat produced by the two pipes. This heat is proportional to the difference between the pipe temperatures (TP1 and TP2) and the temperature of the greenhouse T;n. Two PID based nested loops are used here, in order to control temperatures TP1 and TP2 of the two pipes. Changes in pipe temperatures are achieved through a PWM output driver, with the duty to manipulate the triode valve position.
As it is shown in Fig. 9 , the outer control loop consists of a feed-forward component and a PID based feedback loop. The load produced by this controller is split to the two heating subsystems, by the Load Divider. A normalizer and a mapper are used in each case in order to transform the load needs into pipe temperatures. The normalizer is used to calculate the normalized loads given by Eq.(1), while the mapper calculates the pipe temperatures, on the basis of the following relation where kpi, tpi and dpi are the gain, time constant and time delay relative to the ith pipe , respectively. When the parameters of Eq.(3) are identified, the values of the PID gains in Eq .
(2) are calculated and the two inner loops are closed. The next step of the control procedure, is to identify the entire heating system, assuming that it is also a FOPDT system with a transfer function of the form
With the parameters obtained for Eq.(4) the outer PID is tuned. The discrete form of the PID is
where Kc, tI and tD are the controller gain, the integral reset time and the derivative time ,
respectively. The feed-forward controller has the form
where KF is a constant gain and Tout is the outside temperature. A step response identification experiment was performed first, in order to identify the parameters of Eq.(3) for the two heating subsystems. In this experiment the temperature Tin of the greenhouse is assumed constant and the sampling time was chosen ts=1s . A five sample average filter is also used, in order to accommodate the measurement noise. The time delay added by this filter is identified as part of the overall system delay. Since the system is assumed to be linear, the step response test was performed by turning the triode valve from the fully closed to the fully open position (i.e. a step from 0 to 1) . From these responses, the parameters identified for the two pipe systems are presented in Table 1 . With these parameters, the gains of the two PID controllers were selected using extensive simulation and the requirements that the two inner systems must be overdamped (Astrom and Hagglund, 1995) . Table 2 shows the obtained gains. With these controller gains , the two closed loop step responses are presented in Fig. 10 . In order to measure the two load capacities, LI max and LZ max, each pipe was operated separately , at its maximum allowed temperature T, max, The maximum temperature difference between the inside and the outside 
DISCUSSION
The preliminary tests of the optimization algorithm show that it is a viable alternative to the techniques used for irrigation and nutrient supply control. Compared with robust control designs it requires virtually no effort for its application on a specific site. Compared with model based control techniques it offers the ability of on-site, on-line tuning which removes the need for exact knowledge of plant transpiration model for a specific crop.
An advanced management system such as MACQU provides both practitioners and researchers with several interesting capabilities.
Combined with expert knowledge of plant physiology (i.e. the ability of plants to integrate heating, to tolerate salinity, etc.) these advanced capabilities allow the user to realize significant benefits in both cost expenditures and crop yield and quality. The MACQU environment facilitates the development of AI applications capable of collaborating with the GMS for the solution of related problems. While little work has been done in this area, it appears that there is considerable potential for the development of intelligent systems that combine conventional and knowledge based applications.
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